Blood vessels change their caliber to adapt to the demands of tissues or organs for oxygen and nutrients. This event is mainly organized at the capillary level and requires a sizesensing mechanism. However, the molecular regulatory mechanism involved in caliber size modification in blood vessels is not clear. Here we show that apelin, a protein secreted from endothelial cells under the activation of Tie2 receptor tyrosine kinase on endothelial cells, plays a role in the regulation of caliber size of blood vessel through its cognate receptor APJ, which is expressed on endothelial cells. During early embryogenesis, APJ is expressed on endothelial cells of the new blood vessels sprouted from the dorsal aorta, but not on pre-existing endothelial cells of the dorsal aorta. Apelin-deficient mice showed narrow blood vessels in intersomitic vessels during embryogenesis. Apelin enhanced endothelial cell proliferation in the presence of vascular endothelial growth factor and promoted cell-to-cell aggregation. These results indicated that the apelin/APJ system is involved in the regulation of blood vessel diameter during angiogenesis.
Introduction
The vascular system of vertebrates has a highly organized and hierarchical structure, ranging from large blood vessels down to finely sized capillaries. The intraluminal cavity of blood vessels is lined almost exclusively with endothelial cells (ECs). The formation of blood vessels is initiated by the assembly and tube formation of ECs, or EC progenitors. This process is termed vasculogenesis and is followed by angiogenesis, which results in the emergence of new vessels through sprouting and elongation from, or the remodelling of, pre-existing vessels (Risau, 1997) .
Many genes involved in these processes have been isolated and their roles in the specification of vascular lineage from mesodermal cells and vascular morphogenesis have been analysed (Wang et al, 1998; Adams et al, 1999; Gale and Yancopoulos, 1999; Oettgen, 2001; Zhong et al, 2001; Carmeliet, 2003; Gerhardt and Betsholtz, 2003; Simon, 2004) . Among many molecules, vascular endothelial growth factors (VEGFs) and their cognate receptors (VEGFRs) play central roles in the differentiation (arterial), proliferation, migration and survival of ECs in physiological and pathological conditions (Ferrara et al, 2003) . Based on the diverse functions of VEGFs in blood vessel formation, the VEGF/VEGFR system has proved effective in the clinical management of cancer patients by negatively regulating angiogenesis (Ferrara and Alitalo, 1999; Jain, 2005) . Therefore, these results indicate the importance of developmental studies for understanding blood vessel formation.
In the maturation process involved in blood vessel formation, the ECs, which form the tube, recruit supporting mural cells (MCs) such as periendothelial cells (pericytes) or vascular smooth muscle cells, by releasing platelet-derived growth factor (PDGF)-BB (Lindahl et al, 1997) . MCs subsequently adhere to ECs resulting in the formation of a structurally stable blood vessel. It has been proposed that this cell adhesion between ECs and MCs is induced when angiopoietin 1 (Ang1), produced from MCs, stimulates Tie2, a receptor tyrosine kinase on ECs (Dumont et al, 1994; Sato et al, 1995; Suri et al, 1996) .
During angiogenesis, blood vessels need to be able to adjust their caliber, in order to allow them to respond adequately to the changes in demand for oxygen and nutrients made by the organs and tissues. This caliber adjustment is involved in the maturation process during angiogenesis; however, the molecular mechanism involved in the determination of blood vessel size has not been elucidated. A potent regulator of the enlargement of blood vessel caliber is the Ang1/Tie2 system, because transgenic overexpression of Ang1 in the keratinocyte-induced enlarged blood vessels in the dermis (Suri et al, 1998) and administration of a potent Ang1 variant were also reported to induce enlargement of blood vessels (Cho et al, 2005; Thurston et al, 2005) . Therefore, the analysis of the precise molecular mechanism of how the Ang1/Tie2 system induces enlargement of blood vessels would allow us to understand the process of determination of blood vessel size during angiogenesis.
In this report, by the analysis of downstream signalling of Ang1/Tie2 in ECs, we found that apelin, a recently isolated bioactive peptide from bovine gastric extract working as a ligand for APJ, is upregulated by Ang1 stimulation of human umbilical vein endothelial cells (HUVECs) . A sequence of apelin cDNA encodes a protein of 77 amino acids, which can generate two active polypeptides: the long (42-77) and the short (65-77) forms of apelin (Tatemoto et al, 1998; Kawamata et al, 2001; Masri et al, 2005) . Both forms activate APJ.
APJ is a G protein-coupled receptor, which has been reported to be expressed in the cardiovascular and central nervous systems (O'Dowd et al, 1993; Devic et al, 1999) . In brain tissues, APJ expression is observed in neurons (Edinger et al, 1998) as well as in oligodendrocytes and astrocytes (Croitoru-Lamoury et al, 2003) . In the brain, the apelin/APJ system plays a role in maintaining body fluid homeostasis and regulating the release of vasopressin from the hypothalamus (De Mota et al, 2004) . In the cardiovascular system, APJ is expressed in an endothelial lineage in various species such as amphibian, mouse and human (Devic et al, 1996 (Devic et al, , 1999 Katugampola et al, 2001 ). In the mouse and human, the expression of the receptor has also been detected by immunocytochemistry in vascular smooth muscle cells and cardiomyocytes (Kleinz and Davenport, 2004) . Apelin/APJ function in cardiomyocytes is thought to be associated with a very strong inotropic activity (Szokodi et al, 2002; Ashley et al, 2005) . The function of apelin/APJ in EC lineage is reported to be associated with the hypotensive activity of apelin (Ishida et al, 2004) , as the activation of APJ leads to nitric oxide (NO) production by the ECs (Tatemoto et al, 2001) , and this possibly plays a role in the relaxation of smooth muscle cells.
Using the morpholino antisense oligonucleotide, requisite roles of the apelin/APJ system have been reported in the cardiovascular system of Xenopus laevis (Cox et al, 2006; Inui et al, 2006) and zebrafish (Scott et al, 2007) . Xenopus apelin (Xapelin) was detected in the region around the presumptive blood vessels during early embryogenesis and overlapped with the expression of Xmsr, the Xenopus homolog of APJ. Overexpression of Xapelin disorganized the expression of the endothelial precursor cell marker XlFli at the neurula stage. Knockdown of Xapelin or Xmsr induced abnormal heart morphology and attenuated the expression of Tie2, resulting in the disruption of blood vessel formation in the posterior cardinal vein, intersomitic vessels (ISVs) and vitelline vessels. By contrast, apelin protein has been shown to induce angiogenesis in the chicken chorioallantoic membrane assay (Cox et al, 2006) . Although the involvement of apelin/APJ in angiogenesis and the regulation of proliferation of ECs has been suggested, the precise function of apelin/APJ in the morphology of blood vessels in mammals is not clear.
Here, using various in vitro and in vivo assays, we show that apelin induces enlargement of blood vessels. Moreover, the physiological function of apelin has been studied through the generation of apelin-mutant mice and the relationship of Ang1/ Tie2 signalling to apelin has been studied by mating apelinmutant mice with Ang1 transgenic mice. Finally, using the para-aortic splanchnopleural mesoderm (P-Sp) organ culture system that mimics in vivo vasculogenesis and angiogenesis and various in vitro HUVEC culture systems, we have studied how apelin regulates the enlargement of blood vessels.
Results

Ang1 induces apelin expression on ECs
To elucidate the molecular mechanism by which Tie2 regulates the caliber change of blood vessels from small to larger ones, and in order to isolate the genes encoding proteins that are involved in caliber change and specifically expressed in HUVECs stimulated by Ang1, we constructed a subtraction library from HUVECs with Tie2 stimulated by Ang1 as a tester, and HUVECs with no stimulation of Tie2 as the driver ( Figure 1A) . One of these isolated cDNA clones was the human gene encoding apelin ( Figure 1B-D) . Real-time polymerase chain reaction (PCR) analysis revealed that apelin mRNA was potently increased in HUVECs after stimulation by Ang1 in a time-dependent manner ( Figure 1B ) and we confirmed that the expression of apelin protein was markedly upregulated on HUVECs stimulated by Ang1 ( Figure 1C) . Moreover, the dose-dependent effect of Ang1 on apelin production from HUVECs was confirmed by enzyme immunoassay, using the culture supernatant of HUVECs ( Figure 1D ).
In order to confirm further the upregulation of apelin in ECs in vivo, we analysed apelin expression in the dermis of Ang1 transgenic (Ang1Tg) mice, in which Ang1 was overexpressed in the keratinocytes under the transcriptional control of K14 promoter (Suri et al, 1998) . As shown in Figure 1E , apelin expression on ECs in the dermis at postnatal day 7 was increased in Ang1Tg mice compared to that in wild-type (WT) mice. We confirmed the overexpression of apelin mRNA in Ang1Tg mice by quantitative real-time RT-PCR using ECs fractionated from the dermis by a cell sorter ( Figure 1F ). As it is well known that Ang1 is involved in angiogenesis, next we observed the effect of other proangiogenic molecules on the expression of apelin on ECs. bFGF induced apelin expression on HUVECs; however, VEGF, PDGF-BB or EGF did not affect apelin expression (Supplementary Figure 1A and B).
Apelin with VEGF induces proliferation of ECs
With respect to the enlargement of blood vessels, it seems likely that apelin causes the proliferation of ECs. To test this ability, firstly we studied the proliferation of ECs using HUVECs. As shown in Figure 2A , apelin was not effective in inducing proliferation of HUVECs. However, upon stimulation with VEGF, the expression level of APJ was upregulated in HUVECs, at both the mRNA and protein levels ( Figure 2B -D and Supplementary Figure 2) . Cell surface expression of APJ on HUVECs was confirmed by both cell surface biotinylation experiment ( Figure 2D ) and confocal laser scanning analysis (Supplementary Figure 2) . Consistent with this result, VEGF-induced proliferation of HUVECs was enhanced by the addition of apelin in a dose-dependent manner ( Figure 2A These results suggested that APJ is expressed and affects ECs during angiogenesis in which VEGF levels are upregulated. Next we observed the proliferation of primary ECs from the culture of the AGM region (aorta-gonad-mesonephros region followed by P-Sp region at embryonic day (E) 10.5 to E11.5) in which angiogenesis was actively taking place. APJ was highly expressed in the AGM region compared to other tissues, such as E10.5 yolk sac, head region and heart, and adult heart ( Figure 3A) . Furthermore, APJ was expressed strongly in CD45 À
CD31
þ ECs from the AGM region compared to those from E10.5 heart and adult heart. Although ECs in E10.5 yolk sac and head region expressed APJ, the expression level was weaker than that in the AGM region. When cells from the AGM region were cultured on apelinexpressing OP9 cells ( Figure 3B ), proliferation of CD45 À CD31 þ was increased compared with that on control OP9 cells and this proliferation by apelin was abrogated by the addition of antiapelin blocking antibody ( Figure 3C and D), suggesting that this action of proliferation by apelin is specific to the apelin/ APJ system. Moreover, as APJ expression was weaker in ECs from adult heart ( Figure 3A ) or adult liver (data not shown) than in those from the AGM region, apelin did not induce proliferation of ECs in such adult tissues compared to those in the AGM region (Supplementary Figure 3) .
Apelin induces the assembly of ECs
Although the proliferation of ECs is one of the factors involved in the construction of larger vessels, it is not the only one. The assembly or aggregation of ECs or endothelial progenitors, resulting in abundant cell-to-cell contact, is also necessary for the induction of a caliber change of blood vessels into larger ones. Therefore, next we tested the ability of apelin to regulate cell-to-cell contact. When cells from the AGM region were put on OP9 feeder cells, the control OP9 cells induced a cord-like structure of ECs, in contrast to the OP9 cells expressing apelin, which induced a sheet-like layer of ECs in abundance ( Figure 4A and C). When cell-to-cell contact was observed using anti-VE-cadherin or -claudin5 antibodies, we confirmed that the sheet-like structure was composed of ECs connected with the junctional proteins, VE-cadherin ( Figure 4B ) or claudin5 (Supplementary Figure 4) . Moreover, the addition of anti-apelin monoclonal antibody (mAb) inhibited the sheet-like layer formation of ECs induced by apelin ( Figure 4B and Supplementary Figure 4 ). This sheet-like structure was already observed in the early stage of this culture ( Figure 4C ), suggesting that cell aggregation was initiated when ECs were seeded on OP9 cells expressing apelin. Among many adhesion molecules tested, we found that the expression of the junctional protein, claudin5, was significantly induced by apelin on HUVECs, while that of VE-cadherin was only slightly induced, at both the mRNA and protein levels (Supplementary Figure 5) . In vitro sheetlike formation of ECs and upregulation of cell-to-cell adhesion molecules by apelin indicated the involvement of the apelin/APJ system in the assembly of ECs. Next, we performed the cord formation assay of HUVECs on Matrigel in the presence or absence of apelin ( Figure 5A ). After 20 h of culture of HUVECs on Matrigel, they formed a cord-like structure in the absence of apelin (Figure 5Aa ). However, in the presence of apelin, the HUVECs formed an enlarged cordlike structure (Figure 5Abd ). In this assay, by using confocal laser scanning analysis, we confirmed that enlargement of this cord-like structure was induced by cell aggregation, but not by cell spreading (Supplementary Figure 6 ). This enlargement was completely blocked by anti-VE-cadherin blocking antibody (Figure 5Acd ), suggesting that the enlarged cord-like formation induced by apelin was initiated by cell-to-cell contact. Moreover, in the spheroid assay (Korff and Augustin, 1998) , HUVECs formed large spheroids in the presence of apelin ( Figure 5B ) and this action was abrogated by anti-apelin antibody. Therefore, these results strongly support the notion that the apelin/APJ system induces EC-to-EC assembly.
APJ expression in ECs during early embryogenesis
As APJ expression was observed in ECs during early embryogenesis (Figure 3 ), we studied which vessels expressed APJ in mouse embryos. At E8.5, cells committed into the endothelial lineage formed the dorsal aorta (DA), from which ECs started to sprout. As observed in Figure 6A , APJ expression was observed in those ECs that had sprouted from the DA but not in those that were forming the DA. At E9.5, APJ expression was observed in the migrating end region of ISVs sprouting from the DA ( Figure 6B ). Besides the expression of APJ in the ISVs, weak APJ expression was observed in the somites. These expression profiles were not very different from the results obtained by in situ hybridization analysis, as reported previously (Devic et al, 1999) . In another area of the E9.5 embryo, we found that the anterior cardinal vein (ACV) expressed APJ. However, when compared to CD31 expression in ECs, APJ-positive ECs were observed in the migrating end of the ACV, but not in the base (Supplementary Figure 7) . These expression profiles suggest that the apelin/ APJ system may be associated with angiogenesis but not with vasculogenesis. Moreover, when apelin expression was observed in the somite region at E9.5, we found that apelin protein was detected in ISV ( Supplementary Figure 8) , suggesting that the apelin/APJ system may be associated with the formation of ISV.
Narrow blood vessels are induced in apelin-mutant mice
In order to understand the physiological function of apelin, we generated apelin-mutant mice (Supplementary Figure 9 ) and observed blood vessel formation. Mice heterozygous for apelin were intercrossed and their offspring were obtained. The frequency of mutant homozygotes obtained in heterozygote intercrosses was close to the expected 25%, suggesting that apelin-deficient mice are not embryonically lethal.
Although a small population of apelin-mutant mice lacked eyes and lost a great deal of weight, for reasons that have not been determined as yet, generally, the mutant animals appeared healthy as adults. Crosses between homozygous apelin-mutant animals were also fertile, indicating that implantation and embryonic development can apparently occur normally even when apelin is absent from both the embryo and the mother.
As apelin deficiency in Xenopus leads to severe disorganized blood vessel formation (Cox et al, 2006; Inui et al, 2006) and might induce embryonic lethality, it is possible that other unknown molecules compensate and rescue apelin deficiency in mammals. Before a compensatory effect was investigated, we studied the ISV at E9.5 ( Figure 7A -C and Supplementary Figure 10) , because we found that APJ expression was clearly observed in vessels sprouted from the DA into the somite (Figure 6 ). The results showed that body size and number of somites were equivalent between WT and apelin-mutant embryos at E9.5, but that the caliber of ISVs was narrower in apelin-deficient embryos compared with WT embryos. The expression of APJ was observed in all ECs of ISV sprouted from the DA, ranging from the base region of the sprout to the migrating end at E8.5; the expression had disappeared in the base region near the DA at E9.5 (Figure 6 ). This expression pattern in the phenotype of apelin-deficient embryos suggests that APJ expression is regulated by VEGF or other unknown molecules in ECs at the migrating end, in order to regulate the caliber size of blood vessels.
General Ang1 administration has been reported to induce enhancement of blood vessel formation in the trachea of adult mice (Cho et al, 2005) . This indicates that tracheal blood vessels are active in angiogenesis in adulthood and it is possible that apelin deficiency affects blood vessel formation in this region. As expected, the blood vessels observed in the trachea of apelin-deficient mice were narrower than those in WT mice and, in addition, the capillary density was lower (Figure 8) . Moreover, the blood vessels observed in the dermis (Figure 9 and Supplementary Figure 11 ) and heart (data not shown) of apelin-deficient mice were narrower than those in WT mice.
Through the use of the in situ hybridization method of APJ expression, it has been reported that APJ is not expressed on larger vessels such as DA, except for the posterior cardinal vein during early embryogenesis at around E9.5 (Devic et al, 1999) . This result is consistent with our immunohistochemical analysis. The caliber sizes of the aorta and vena cava, and their major branches such as brachiocephalic, subclavian and common iliac arteries and veins, were not affected by the lack of apelin (data not shown). Therefore, this suggests that apelin may not be involved in the regulation of caliber size of larger vessels. Moreover, although apelin deficiency in Xenopus led to severely disorganized blood vessels in the vitelline (Cox et al, 2006; Inui et al, 2006) , it did not affect the remodelling of blood vessels in the yolk sac (Supplementary Figure 12) .
In order to analyse precisely the function of the exogenous apelin in the in vitro culture system, it was necessary to exclude from the analysis any confounding effects of the contaminating apelin from the culture serum, as well as the endogenous apelin produced from cultured cells. In order to achieve this, we tried to culture the aorta ring from apelindeficient mice under quite low serum-containing conditions ( Figure 7D and E). Although VEGF induced sprouting of ECs from the aorta, apelin on its own did not. However, the caliber size of VEGF-induced sprouts was enlarged upon the addition of apelin. Most of the sprouts induced by VEGF plus apelin contained large luminal cavities (data not shown). Therefore, we confirmed that apelin regulates caliber change in angiogenesis and this effect is induced in the absence of blood flow. It is known that blood flux regulates vessel size (Koller and Huang, 1999 ). Therefore, it is possible that shear stress may induce apelin expression in ECs. However, the results were contrary to our expectation. In vitro shear stress on HUVECs attenuated apelin mRNA expression in HUVECs (Supplementary Figure 13) . (D) Representative pictures of microvessels sprouted from aortic ring using apelin-deficient mice. Aortic ring was cultured in the presence or absence of VEGF (10 ng/ml) or apelin (100 ng/ml). PBS was used as a negative control. Pictures in the right panel show a high-power view of the area indicated by the box, respectively. Scale bar indicates 300 mm. (E) Quantitative evaluation of the vascular size of sprouted microvessels from the aortic ring cultured as described in (D). Vascular size was measured as the length between two parallel lines as indicated in (D). *Po0.003 (n ¼ 30). 
Role of apelin in Ang1-induced enlargement of capillary size
We isolated apelin from ECs under the activation of Tie2 by Ang1. Next, using apelin-deficient mice, we observed whether Ang1-induced enlargement of blood vessels is suppressed in the absence of apelin. In this experiment, we mated apelin-deficient mice with Ang1Tg mice and observed the caliber size of the capillaries in the dermis (Figure 9) .
In apelin-deficient mice, the caliber size of the capillary in the dermis was narrower compared with that in WT mice ( Figure 9A and B and Supplementary Figure 11) . We confirmed that CD31-positive cells are from blood vessels but not from lymphatic vessels, by double staining with LYVE1, a specific marker for lymphatic ECs (Supplementary Figure 11) . As previously reported (Suri et al, 1998) , Ang1Tg mice showed enlarged capillary formation in the dermis, but this effect of Ang1 was abolished by the lack of apelin ( Figure 9A and B). However, apelin deficiency did not completely suppress Ang1-induced enlargement of blood vessels, suggesting that other molecules upregulated by Tie2 activation might be involved in the caliber size determination of capillaries in vivo. On the other hand, the generation of extremely enlarged blood vessels, with a caliber size of more than 10 4 mm 2 , observed in Ang1Tg mice, was completely suppressed in the absence of apelin ( Figure 9A and C) . Therefore, we concluded that one of the molecules affected by Ang1 for enlargement of the capillary was apelin in ECs.
Apelin induces an enlarged endothelial sheet in P-Sp culture system
In vivo analysis suggested that apelin regulates the caliber change of blood vessels. Next, we observed blood vessel formation by using in vitro (P-Sp) organ culture system, which has previously been shown to mimic in vivo vasculogenesis and angiogenesis (Takakura et al, 1998 (Takakura et al, , 2000 . P-Sp explants from mice at E9.5 contain early developed DA. In the P-Sp culture system, ECs show two different morphologies. One is a sheet-like structure (vascular bed) that develops in the early stages of the culture. The other is a network-like structure, constructed from the ECs sprouting from the vascular bed. Previously, we identified that the sheet-like formation mimics vasculogenesis and the network formation mimics angiogenesis, which is a process of capillary sprouting from pre-existing vessels (Takakura et al, 2000) . Therefore, as apelin-mutant embryos showed narrow ISVs, which were sprouted from the DA, this suggests that the P-Sp culture system can reproduce the in vivo effects of apelin.
In the P-Sp culture system, OP9 stromal cells were used as feeder cells for P-Sp explants. We induced apelin expression on OP9 cells ( Figure 3B ) and observed the effect. Compared to the control culture (Figure 10Aab ), network-forming ECs became thick and the vascular density of the network area was high (Figure 10Acd ), although the amount of branching was the same. By contrast, the suppression of apelin/APJ function, by blocking antibody against apelin, induced thin network formation by ECs (Figure 10Aef ). When the networkforming area of ECs was evaluated, it was higher in apelinexpressing OP9 cells (OP9/apelin) than in control OP9 cells (OP9/vector); this effect by apelin was completely blocked by anti-apelin mAb (Figure 10Ag ).
In the P-Sp culture system, we found that APJ is expressed in the network-forming ECs sprouted from the vascular bed as observed in the ISVs, but not in the ECs forming the sheet ( Figure 10B ). In vitro analysis indicated that the apelin/APJ system might affect cell-to-cell aggregation or assembly, and therefore we stained network-forming ECs by anti-VE-cadherin antibody. As observed in Figure 10C , apelin enhanced the assembly of ECs. Interestingly, in the control P-Sp culture, the network-forming endothelial layer, composed of one or two ECs, migrated in a peripheral direction along with the ECs at the tip (Figure 10Cab ). On the other hand, when apelin was overexpressed on OP9 cells, many aggregated ECs migrated along with the ECs at the tip (Figure 10Ccd ), and this effect was completely suppressed by anti-apelin mAb (Figure 10Cef ). These results indicated that apelin induces an enlarged endothelial sheet when angiogenesis is taking place.
Discussion
The knowledge of how vascular cells commit from their progenitor cells and generate a closed cardiovascular circulatory system has accumulated in recent years, mostly by the isolation and functional analysis of molecules associated with blood vessel formation. However, little is known regarding the molecular events that regulate EC morphogenesis, especially the caliber size determination of blood vessels. Data documented here, from both in vitro and in vivo analysis, showed that apelin regulates the enlargement of newly developed blood vessels during angiogenesis.
In angiogenesis, how blood vessels 'decide' their appropriate size is very important to the organization of the adjustment of tissue and organ demand for oxygen and nutrients. Our analysis clearly showed that APJ expression was induced by VEGF, which, in turn, is well known to be induced by tissue hypoxia (Liu et al, 1995) . This indicates that, under tissue hypoxia, blood vessels have an opportunity to enlarge their size and the reduction of APJ expression finalizes the enlargement of blood vessel caliber under tissue normoxia. Indeed, in the retina, APJ was observed temporally in the radial vessels and the associated capillaries of retina from day 3 to day 12 after birth, but APJ expression on ECs was attenuated in the later stage (Saint-Geniez et al, 2002) . As reported in the retina, we also found that APJ expression was observed in ECs sprouted from the DA and ECs on blood vessels in the neonatal dermis of mice (data not shown), but that it gradually disappeared with maturity. These expression patterns strongly suggested that APJ plays a spatio-temporal role in the maturation of blood vessels by transient expression on ECs of blood vessels where angiogenesis is taking place. Therefore, we concluded that one of the molecules associated with the regulation of blood vessel diameter was apelin in the ECs.
Based on our results presented here, it appears that VEGF, Ang1 and apelin regulate caliber size in a concerted fashion, as follows. Upon stimulation by VEGF, ECs sprouted from pre-existing vessels may express APJ. Subsequently, Ang1 stimulates these sprouted ECs to induce apelin expression. In the presence of both VEGF and apelin, the ECs start to proliferate, adhere and form contacts with each other through junctional proteins, and construct enlarged blood vessels. Apelin has been reported to induce angiogenesis in the Matrigel plug assay (Kasai et al, 2004) and also chemotaxis (Cox et al, 2006) . In our experiments using the Matrigel plug assay, we found that apelin induced migration, rather than proliferation, of ECs (Supplementary Figure 14) . Moreover, we confirmed that like VEGF, apelin modified the cytoskeleton structure (Supplementary Figure 15) . Therefore, apelin may induce mobilization of ECs in the process of EC-to-EC assembly.
As we found, apelin deficiency suppressed the enlargement of ISVs during early embryogenesis. Furthermore, it has been reported elsewhere that Ang1 and VEGF are expressed in intersomitic or somitic tissues Lawson et al, 2002) and that apelin is coexpressed with APJ-positive ECs in ISVs. Indeed both Tie2 and Ang1 mutant embryos showed impaired ISV formation (Dumont et al, 1994; Sato et al, 1995) . Therefore, it appears that these three components may be involved in the regulation of caliber size change of the ISVs.
Transgenic overexpression of Ang1 in the keratinocyte induced enlarged blood vessels in the dermis (Suri et al, 1998) and administration of a potent Ang1 variant was also reported to induce enlargement of blood vessels (Cho et al, 2005; Thurston et al, 2005) . Therefore, Ang1 expression may be a key determinant of caliber size during angiogenesis. Ang1 is usually produced from MCs in cells composing blood vessels , However, we previously reported that hematopoietic stem cells (HSCs) producing Ang1 migrate into avascular areas before the ECs start to migrate, and that this Ang1 from HSCs induces angiogenesis by promoting the chemotaxis of ECs (Takakura et al, 2000) . Moreover, recently, Figure 9 Apelin/APJ system is involved in Ang1-induced vascular enlargement. (A) Sections of ear skin stained with anti-CD31 mAb. Ear skin was prepared from 8-week-old WT, apelin-deficient (apelin KO), Ang1Tg mice, or apelin-deficient mice mated with Ang1Tg mice (apelin KO/Ang1 Tg). Scale bar indicates 30 mm. (B, C) Quantitative evaluation of the number of enlarged blood vessels composed of a luminal cavity of more than 5000 mm 2 (B) or more than 10 4 mm 2 (C) in the skin from mice as described in (A). Thirty random fields were observed from sections of three independent mice as described in (A). *Po0.01.
we found that HSCs induce enlargement of blood vessels observed in the fibrous cap surrounding tumors (Okamoto et al, 2005) and Ang1 from HSCs in embryos, as well as adults, induces structural stability of newly developed blood vessels as a physiological function during angiogenesis (Yamada and Takakura, 2006) . Therefore, it is possible that Ang1 from the HSC population, which are frequently observed in ischemic regions, is the one source of Tie2 activation and results in the production of apelin from ECs.
It has been suggested that apelin mediates phosphorylation and activation of endothelial NO synthase in ECs, causing NO release from ECs (Tatemoto et al, 2001; Ishida et al, 2004) . NO is well known to induce relaxation of MCs, resulting in dilation of blood vessels. Therefore, it is possible that apelin causes endothelium-dependent vasodilatation by triggering the release of NO from ECs. In our analysis, however, we observed that apelin induced enlarged cord formation of HUVECs on Matrigel, and enlarged spheroids of HUVECs in the liquid culture. These culture conditions do not contain MCs, which indicates that apelin can induce enlargement of blood vessels without affecting MCs.
Knockout studies of the apelin gene suggested that molecular cues other than apelin rescue the narrow caliber size of blood vessels by compensational upregulation, because in the early stage of embryogenesis the narrow caliber of ISVs, observed in apelin-mutant embryos, was rescued in the later stage (data not shown). As observed in apelin knockout mice, APJ mutant mice appeared healthy as adults (Ishida et al, 2004) ; however, the requisite role of the apelin/APJ system in blood vessel formation was reported in Xenopus (Cox et al, 2006; Inui et al, 2006) . The reason of this discrepancy is not known, but functionally redundant ligand/ receptor or signalling pathways may be present in mice.
Tube formation is a fundamental mechanism for organ and tissue generation in most major organs, such as lung and kidney, as well as the vasculature. The molecular mechanism involved in tube generation is not clearly understood. During angiogenesis, neovessels must be generated by both single cell hollowing and cord hollowing methods. Through the analysis of the precise functional relationship between the molecules described above including the apelin/APJ system, anatomically described diverse tube formation of the vasculature will be further clarified at the molecular level. (vb) . Note APJ expressed on ECs forming a network-like structure. Scale bar indicates 100 mm. (C) Network-forming ECs derived from P-Sp explants cultured on OP9/vector (a, b), OP9/apelin in the presence of control B220 mAbs (c, d) or OP9/apelin in the presence of anti-apelin mAbs (e, f) for 7 days were stained with anti-VE-cadherin (red) mAbs. Scale bar indicates 20 mm. Because nuclear staining cannot distinguish the nuclei of ECs from those of OP9 cells, only VE-cadherin expression was revealed. Therefore, the EC-to-EC boundary expressed by VE-cadherin is presented (b, d, f) . Tip, tip EC. Migration direction of tip EC is indicated by the arrow.
Materials and methods
Animals
C57BL/6 mice and ICR mice were purchased from Japan SLC (Shizuoka, Japan) at 8 weeks of age and used between 8 and 12 weeks of age. Ang1Tg mice (Suri et al, 1998) with a C57BL/6 background were provided by Dr GD Yanchopoulos (Regeneron Pharmaceuticals Inc., Tarrytown, NY). Animal care in our laboratory was in accordance with the guidelines of Kanazawa and Osaka University for animal and recombinant DNA experiments.
Plasmids and transfection
The mouse Apelin gene was cloned into the pCAGSIH expression vector. Lipofectamine Plus reagent (Invitrogen Life Technologies, Carlsbad, CA) was used to transfect cells with this plasmid and clones of cells exhibiting stable transfection were obtained by antibiotic resistance selection using G418 (Gibco, Grand Island, NY). Primer pairs for PCR to detect transfected gene are listed in Supplementary Table S1 .
Tissue preparation, immunohistochemistry and flow cytometry Tissue fixation, preparation of tissue sections and staining of sections or cultured cells with antibodies were performed as described previously (Takakura et al, 2000) . An biotin-conjugated anti-CD31 mAb (Pharmingen, San Diego, CA), anti-apelin Ab (4G5; Kawamata et al, 2001 ) and anti-APJ polyclonal Ab were used in the staining of tissue sections or cultured cells. To obtain a specific antibody against mouse APJ, a rabbit was immunized with a synthetic peptide (CHEKSIPYSQETLVD) derived from the Cterminal region of APJ. Antisera were affinity purified with the same peptide. Preimmunized rabbit immunoglobulins were used as a negative control to confirm specific staining. Sections were counterstained with hematoxylin or propidium iodide. The sections were observed using an Olympus IX-70 microscope (Olympus, Tokyo, Japan) and images were acquired with a CoolSnap digital camera (Roper Scientific, Trenton, NJ). Whole-mount immunohistochemistry using anti-CD31 mAb or anti-APJ was performed as previously described (Takakura et al, 1998) . Stained embryos were observed under a Leica MZ16FA stereomicroscope (Leica, Solms, Germany) and photographed with a DC120 digital camera (Pixera, Los Gatos, CA). In all assays, we used an isotype-matched control Ig as a negative control and confirmed that the positive signals were not derived from nonspecific background. Investigation of the density and morphology of microvessels in lectin-stained whole mount of tracheal blood vessels was performed as described (Yamada and Takakura, 2006) . In brief, after anaesthesia with sodium pentobarbital, mice were injected into the tail vein with fluorescein-labelled Lycopersicon esculentum lectin (Vector Laboratories, Burlingame, CA), which binds uniformly to the luminal surface of ECs and adherent leukocytes. Lectin-stained tracheas were removed from apelin-deficient and WT mice and analysed under a fluorescence microscope. Images were processed using Adobe Photoshop 6.0 software (Adobe Systems, San Jose, CA). Flow cytometric analysis was performed as previously described (Yamada and Takakura, 2006) . FITC-conjugated anti-CD45 mAb and PE-conjugated anti-CD31 mAb (Pharmingen) were used. The stained cells were analysed by FACS Calibur (Becton Dickinson, Franklin Lakes, NJ) and sorted by EPICS flow cytometer (ALTRA; Beckman Coulter, Fullerton, CA).
Cell culture 4 Â 10 6 HUVECs were cultured in six-well plates for 12 h in Humedia EG2 (Kurabo, Osaka, Japan). Cells were then incubated in M199 medium supplemented with 1% fetal bovine serum (FBS). After 3 h of serum deprivation, cells were incubated with basal medium containing 500 ng/ml of Ang1 (R&D Systems, Minneapolis, MN), 100 ng/ml of apelin (Bachem, Bubendorf, Switzerland) or 20 ng/ml of VEGF-A 165 (PeproTech, Rocky Hill, NJ).
The culture of P-Sp explant was performed as previously reported (Takakura et al, 2000) . OP9 cells stably transfected with a pCAGSIH expression vector carrying the cDNA for mouse apelin or mock vector were used as feeder cells (OP9/apelin or OP9/ vector, respectively) in the presence or absence of anti-apelin monoclonal blocking antibody (4G5; see Supplementary Figure 16 for functional analysis of this antibody in the inhibition of the apelin/APJ system) or control anti-B220 mAb. After 7 days of culture, the cultured cells on OP9 cells were fixed and stained with mAbs. For the culture of dissociated ECs from the AGM region, the regions were excised from E11.5 ICR embryos and dissociated by dispase II (Boehringer Mannheim, Mannheim, Germany) as previously described (Yamada and Takakura, 2006) . Cells were suspended in DMEM supplemented with 15% fetal calf serum and cultured in OP9/vector or OP9/apelin seeded on 24-well plates in the presence of murine SCF (100 ng/ml; PeproTech), bFGF (1 ng/ ml; R&D Systems) and OSM (10 ng/ml; R&D Systems). To this culture, we added 10 mg/ml anti-apelin or anti-B220 mAb. After 6 days of culture, the cells were fixed and double stained with anti-CD31 mAb and anti-VE-cadherin mAb (BD Pharmingen, San Jose, CA), or anti-CD31 mAb and claudin5 mAb (Abcam Inc., Cambridge, MA). Stained samples were analysed by confocal laser scanning microscopy (LSM510, Carl Zeiss, Germany). For the evaluation of apelin in promoting proliferation of HUVECs, HUVECs were cultured for 24 h in medium plus growth supplements and then for an additional 48 h in medium with or without apelin (10-100 ng/ ml), VEGF (10 ng/ml) or apelin plus VEGF. Cell proliferation was then evaluated by directly counting the cell number.
Aortic ring culture for angiogenesis assay
Descending thoracic aortas were isolated from apelin-deficient mice. Under a stereomicroscope, multiple 1-mm-thick aortic rings were prepared. Rings were then placed between two layers of type I collagen gel (Cellmatrix Type IA, Nitta Zeratin, Osaka, Japan), supplemented with Medium 199, 20% FBS in the presence or absence of VEGF (20 ng/ml) or apelin (200 ng/ml). The cultures were kept at 371C in a humidified environment for a week and examined every second day under an Olympus microscope (IX70).
Statistical analysis
All data are presented as mean7standard deviation (s.d.). For statistical analysis, the statcel2 software package (OMS) was used with analysis of variance performed on all data followed by TukeyKramer multiple comparison test. When only two groups were compared, two-sided Student's t-test was used.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
